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Abstract. Fourteen research ﬂights were conducted with the
National Center for Atmospheric Research (NCAR) C-130
near Christmas Island (2◦ N, 157◦ W) during the summer
of 2007 as part of the Paciﬁc Atmospheric Sulfur Experi-
ment (PASE). In order to tightly constrain the scalar budget
of DMS, vertical eddy ﬂuxes were measured at various lev-
els in the marine boundary layer (MBL) from ∼30m to the
top of the mixed layer (∼500m) providing improved accu-
racy of the ﬂux divergence calculation in the DMS budget.
The observed mean mole fraction of DMS in the MBL ex-
hibited the well-known diurnal cycle, ranging from 50-95
pptv in the daytime to 90–110 pptv at night. Contributions
from horizontal advection are included using a multivariate
regression of all DMS ﬂight data within the MBL to esti-
mate the mean gradients and trends. With this technique
we can use the residual term in the DMS budget as an es-
timate of overall photochemical oxidation. Error analysis of
the various terms in the DMS budget indicate that chemi-
cal losses acting on time scales of up to 110h can be in-
ferred with this technique. On average, photochemistry ac-
counted for ∼7.4ppthr−1 loss rate for the seven daytime
ﬂights, with an estimated error of 0.6ppthr−1. The loss rate
due to expected OH oxidation is sufﬁcient to explain the net
DMS destruction without invoking the action of additional
oxidants (e.g., reactive halogens.) The observed ocean ﬂux
of DMS averaged 3.1 (±1.5) µmolm−2 d−1, and generally
decreased throughout the sunlit hours. Over the entire mis-
sion, the horizontal advection contribution to the overall bud-
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getwasmerely−0.1ppthr−1, indicatingameanatmospheric
DMS gradient nearly perpendicular to the east-southeasterly
trade winds and the chlorophyll gradient in the equatorial up-
welling ocean. Nonetheless, horizontal advection was a sig-
niﬁcant term in the budget of any given ﬂight, ranging from
−1.2 to 2.5ppthr−1, indicating a patchy and variable surface
seawater DMS distribution, and thus needs to be accounted
for in budget studies.
1 Introduction
Dimethyl sulﬁde (DMS) is an important factor in global cli-
mate because it is a source of sulfate which can thus alter the
pH and radiative properties of condensed phases (Faloona,
2009). DMS has also been implicated as the agent of a nega-
tive feedback mechanism that, in principle, could counteract
man made global warming (Charlson et al., 1987). Phyto-
plankton are the primary source of DMS in the marine tro-
posphere, and DMS is a major source of cloud condensation
nuclei (CCN) in that same region (Pandis et al., 1994). Po-
tentially, if phytoplankton productivity increased in response
to a warming ocean, there would be a corresponding increase
in the ﬂux of DMS from the ocean to the atmosphere. More
DMS would lead to an increase in the number of cloud con-
densation nuclei available, resulting in brighter, more persis-
tent clouds and a corresponding reduction in the shortwave
radiation absorbed by the surface (Charlson et al., 1987).
Therefore, understanding the DMS budget in the remote ma-
rine troposphere can be important for global climate predic-
tion. This work attempts to close the budget of DMS in
the remote marine boundary layer (MBL) without relying on
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Fig. 1. RF03 MBL Structure Observed During PASE. zi is the mean
height of the weak MBL inversion and zTWI denotes the stronger
trade wind inversion aloft. Horizontal axes are potential tempera-
ture, water vapor, and DMS, respectively.
parameterizations of surface or entrainment ﬂuxes. Through
carefully designed ﬂight tracks, the ﬂuxes of DMS from the
ocean to the MBL, and from the MBL to the overlying buffer
layer (BuL) were physically measured and used to interpret
its budget in the boundary layer.
The atmospheric budget of DMS in the MBL is controlled
by four principal processes: efﬂux from the ocean, verti-
cal transport into the BuL, horizontal advection, and pho-
tochemical destruction. Following Kowalski and Serrano-
Ortiz (2007), the mixing ratio budget can be written as:
∂c
∂t
+∇·(uc)=−L (1)
where c is the DMS mole fraction, which is the sum of the
ﬂuctuating component, c0, and its ensemble mean value C,
u is the full three-dimensional turbulent wind ﬁeld, and L
represents the mean photochemical loss rate of DMS. In this
work, primed variables indicate departures from the mean
and capitals or overbars indicate mean values. Several as-
sumptions, listed below, are frequently made in order to sim-
plify budget calculations in the boundary layer.
1. The ﬂow is incompressible; ∇·u=0 , where u=(u,v,w).
2. The turbulence is horizontally homogeneous, implying
here that there is no horizontal variation in any of the
turbulentsecondmomentquantitiessuchasthehorizon-
tal turbulent ﬂuxes , i.e. ∂
∂x(u0c0)=0; ∂
∂y(v0c0)=0
With these assumptions, we obtain a budget equation for the
mean DMS mole fraction in the marine boundary layer:
∂C
∂t
=−U
∂C
∂x
−V
∂C
∂y
−
∂
∂z
(w0c0)−L (2)
Fourteen research ﬂights were conducted with the Na-
tional Center for Atmospheric Research (NCAR) C-130
near Christmas Island (2◦ N, 157◦ W) during the summer
of 2007 as part of the Paciﬁc Atmospheric Sulfur Experi-
ment (PASE). In order to tightly constrain the scalar budget
of DMS, ﬂuxes were measured at various levels in the ma-
rine boundary layer (MBL) from near the surface (∼30m)
to the top of the mixed layer (∼500m) providing improved
accuracy of the ﬂux divergence calculation in the DMS bud-
get. Traditionally, measurement of the surface ﬂux and the
ﬂux at the top of the MBL have been challenging to obtain
and previous researchers have resorted to parameterizations
of these processes in attempts to close the budget (Nowak et
al., 2001). PASE was a unique photochemical experiment in
that the ﬂight legs were structured such that each stack (ap-
proximately 3 per ﬂight) included 30min legs at four heights
of interest: near the surface, the middle of the mixed layer,
near the top of the MBL (zi), and in the lower BuL. The BuL
is the intermittently turbulent, conditionally unstable region
often containing trade-wind cumuli that lies just above the
MBL and below the trade-wind inversion which was typi-
cally found at 1.5km during PASE. Turbulent vertical ﬂuxes
were calculated from eddy covariance, i.e. Flux=(w0c0). Dur-
ing PASE, all of the terms in Eq. (2) except for L were mea-
sured directly.
2 Boundary layer structure
During PASE, the mean MBL potential temperature (2) only
varied between 296.5K and 298.0K, and the mean sea sur-
face temperature (SST) between 298.4K and 300.5K. This
results in nearly constant surface sensible and latent heat
ﬂuxes and an MBL with virtually no diurnal changes. Over
the tropical oceans, a three-layer atmospheric structure typ-
ically exists with a turbulent MBL of roughly 500m depth,
overlain by an intermittently turbulent BuL of approximately
1000mdepth, overlain by the free troposphere (FT). Separat-
ing the MBL from the BuL is a weak temperature inversion,
while a much stronger trade wind inversion (TWI) separates
the BuL from the FT. Most scalars within the MBL are well
mixed, resulting in a mixing ratio proﬁle that is nearly con-
stant with altitude throughout the MBL. DMS rapidly falls
off to near zero above the MBL top. This structure was pre-
viously documented during ACE1 (Russell et al., 1998). An
example of this structure from research ﬂight #3 (RF03) of
PASE is shown in Fig. 1. The ﬁgure shows considerably
more variability in the DMS signal than in either water vapor
or potential temperature, which is primarily a consequence of
its relatively large ﬂux with respect to its atmospheric abun-
dance.
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Fig. 2. Multiple regression ﬁt of the time series of DMS observed in the marine boundary layer during RF02 (left, daytime) and RF13 (right,
nighttime). Actual data points in blue, ﬁt in green.
3 Methods
DMS was measured by an analytic method called atmo-
spheric pressure ionization mass spectrometry using isotopi-
cally labeled standards (APIMS-ILS). This technique has
been shown to be viable for calculating airborne vertical
ﬂuxes via eddy covariance (Bandy et al., 2002; Faloona et
al., 2005). The measurement has some attenuation at higher
frequencies, but the amplitude was corrected using the ex-
pression obtained by Blomquist et al. (2009) in laboratory
studies. Initially, the intent was to ﬂy 30-min Lagrangian
circles, and drift with the mean MBL ﬂow over time to mini-
mize the contribution from horizontal advection. Difﬁculties
arose with the circle patterns because the aircraft frequently
passed through its own exhaust, which rapidly mixed verti-
cally throughout the MBL. While this contamination was not
signiﬁcant for DMS measurements, it was for other scalars
such as ozone and SO2. Therefore, the circles were aban-
doned and a chevron pattern consisting of two 15min legs
with a 60◦ turn in the middle was ﬂown instead. The orien-
tation of the legs was chosen so that the mean wind bisected
the angle of the chevron pattern. Unfortunately, this pattern
resulted in substantial drift relative to the air mass being sam-
pled. To correct for the non-Lagrangian sampling and the
resultant drift of the DMS concentration over time (due to
advection), a multi-variable linear regression was performed
on all of the MBL data collected during level legs on each of
the ﬂights.
Closing the budget (Eq. 2) requires also the time rate of
change of DMS and its horizontal gradients. To estimate
these terms, we used a multiple regression ﬁt, assuming the
DMS mole fraction to be a function of time and space, as
described below. Previous measurements of DMS on Christ-
mas Island (Bandy et al., 1996) demonstrated a consistent
sinusoidal diurnal cycle in the concentration of DMS with a
morning maximum around 04:30 a.m. (local) and an after-
noon minimum around 04:30 p.m. The DMS concentration
was thus assumed to be a function of the position, x, y, and
z (all measured in meters) and time t (measured in hours),
i.e. c=f(x,y,z,t). Expanding f in a Taylor series about the
spatial coordinates, including only the ﬁrst order terms, and
assuming the time dependence to be the combination of a
diurnal sinusoid and a linear drift leads to:
c=β0+β1x+β2y+β3z+β4t +β5·sin(
2π(t −φ)
24
) (3)
The coefﬁcients (β1–β5) represent the DMS derivatives in
space and time. The phase term (φ) represents the time of
day when the sinusoidal component of the variation crosses
zero, around 10:30 a.m. The solution is then approached as
a least squares problem using the 1-s data for both the DMS
mole fraction as well as the position and time compiled from
all the level legs of the ﬂight below the inversion height, zi.
Visually, the ﬁt reproduces the ﬂight variation well
(Fig. 2). For a quantitative measure of the ﬁt, we calculated
the coefﬁcient of determination, R2, for each ﬂight, deﬁned
as
R2 =1−
P
(ci−mi)2
P
(ci −c)2 , (4)
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Table 1. Terms in the advection calculation. Columns are as fol-
lows: ﬂight number, horizontal advection (ppthr−1), zonal DMS
gradient (pptdeg−1), meridional DMS gradient (pptdeg−1), ver-
tical DMS gradient (pptkm−1), mean zonal wind (kmhr−1), and
mean meridional wind (kmhr−1).
RF Adv ∂xC ∂yC ∂zC U V
2 0.5 3.4 13.0 −15.3 −26.1 2.8
3 −0.8 1.6 9.3 −19.0 −23.2 14.0
5 2.0 5.9 8.4 6.0 −36.4 −1.5
8 −0.5 0.4 7.0 −10.6 −24.4 9.9
11 2.3 5.9 −8.5 −12.6 −28.0 10.3
12 −1.1 6.3 22.0 −7.5 −26.2 13.1
14 −1.2 −0.5 27.6 −27.6 −36.5 4.2
Average 0.2 3.3 11.3 −12.3 −28.7 7.6
6 1.8 6.5 1.9 −15.6 −30.8 1.3
13 −2.5 0.0 17.5 −46.1 −37.5 15.8
Average −0.4 3.2 9.7 −30.9 −34.1 8.5
where ci are the actual values of the DMS mole fraction in
the time series and mi are the ﬁtted values of the DMS mole
fraction. The numerator is the sum of the squares of the de-
partures of the ﬁt prediction from the actual mole fraction,
while the denominator is the variance in the observed DMS
values. For the day ﬂights, the average R2 is 0.76 while for
RF13 (night ﬂight) it drops to 0.49. This apparent loss of
ﬁt quality is probably not indicative of a deterioration of the
quality of ﬁt, but rather is a result of the diminished atmo-
spheric variability of DMS (the denominator in Eq. 4) during
the night ﬂights. Day and night, random instrumental noise
remains the same while atmospheric variability is greatly re-
duced around the diurnal maximum and minimum. Although
RF06 and RF13 are labeled night ﬂights, they were actually
ﬂown half before and half after sunrise to study the effects of
twilight photochemistry, and are therefore centered about the
predawn maximum (∼04:30 a.m.).
The gradients in each of the horizontal directions (β1, β2)
and the vertical (β3) for the PASE ﬂights are listed in Ta-
ble 1. The horizontal gradient of DMS was fairly consistent,
with all but one ﬂight (RF14) indicating higher concentra-
tions to the east, and every ﬂight but RF08 showing higher
concentrations to the north. Since the mean wind was typ-
ically east-southeasterly, the advection was generally made
up of a balance between meridional and zonal components
of opposite sign.
3.1 Flux divergence
In addition to the mean temporal and spatial changes the
scalar budget equation includes two remaining terms: ver-
tical ﬂux divergence and photochemical loss. In principle,
the contribution to the mean scalar budget from the ﬂux di-
vergence in Eq. (1) is −∇·(cu), where the overbar indicates
Reynolds averaging. This deceivingly simple term is compli-
cated by the fact that measurements of wind speeds include a
signiﬁcant component of atmospheric variability due to tur-
bulence in the MBL. Breaking down the ﬂux divergence term
into each of its mean and ﬂuctuating components leads to:
−∇·(cu)= − ∂
∂x(u·c)− ∂
∂x(u0c0)− ∂
∂y(v·c)
− ∂
∂y(v0c0)− ∂
∂z(w·c)− ∂
∂z(w0c0)
(5)
With the assumption that the ﬂow is incompressible, this
reduces to:
−∇·(cu)= −u ∂c
∂x −v ∂c
∂y −w∂c
∂z − ∂
∂x(u0c0)
− ∂
∂y(v0c0)− ∂
∂z(w0c0)
(6)
The contributions to this overall ﬂux divergence from the
horizontal turbulent ﬂux terms were measured to be nearly
two orders of magnitude smaller than those from the hori-
zontal mean wind terms. Therefore we neglect the horizon-
tal turbulent ﬂux terms. Finally, realizing that vertical mean
advection is countered for the most part by entrainment, as
there are no discernable changes in boundary layer height
over the course of a typical ﬂight, we further assume that the
vertical mean advection is captured in the entrainment ﬂux.
These simpliﬁcations leave the ﬂux divergence in Eq. (1) as:
−∇·(cu)=−¯ u
∂c
∂x
−v
∂c
∂y
−
∂
∂z
(w0c0) (7)
Each of these terms is considered in detail in the next sec-
tions.
3.2 Horizontal advection
Figure 3 illustrates the evolution of the chlorophyll-a con-
centration in the ocean around Christmas Island during Au-
gust 2007 in response to a developing weak La Ni˜ na. The
SeaWiFS data shows that the concentration in the equatorial
cold tongue increased substantially between the ﬁrst and last
week of August. Chlorophyll is frequently used as a weak
proxy for DMS concentration (Simo and Dachs, 2002) and
thus provides evidence that the region is horizontally inho-
mogeneous with respect to DMS production in the ocean.
The PASE ﬂights were typically within or near the equatorial
cold tongue and the variance in the horizontal is most likely
related to the varying levels of productivity indicated in this
image. However, the persistent gradient in the in-situ data
is directed to the north-northeast, and therefore appears to
have a complex spatial relationship to the local chlorophyll
patterns in the ocean.
The ﬁrst two research ﬂights consisted of Lagrangian cir-
cles while later ﬂights used a chevron pattern. Each of these
ﬂight techniques resulted in differing levels of success track-
ing the mean wind. Calculation of the horizontal advection
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Fig. 3. PASE research ﬂight area (dashed rectangle) in relation to the regional chlorophyll-a patterns for August 2007. The panel on the left
is a composite of the ﬁrst two weeks of August and the panel on the right is the last two weeks of August. The prevailing MBL winds during
PASE were east-southeasterly with an average speed of 8m/s.
budget term involves two steps: First, the zonal and merid-
ional gradients in the DMS mole fraction are estimated us-
ing the multiple regression ﬁt as described above. Then, the
mean wind is calculated by averaging each wind component
measured during the legs ﬂown within the boundary layer.
The average wind direction during the PASE ﬂights was 105◦
from North while the average DMS gradient vector was ori-
ented to the NNE (17◦) – nearly perpendicular to the mean
wind. Thus, on average, advection contributes nothing to the
DMS budget. Nevertheless inclusion of this term was impor-
tant for each ﬂight because it contributed between 10–40%
of the observed DMS rate of change.
3.3 Vertical ﬂux divergence
The relatively insoluble DMS volatilizes from the sea surface
to the lowest layers of the MBL, and is turbulently mixed
throughout the MBL and carried to the BuL by convection.
As can be seen in Fig. 1, its concentration drops rapidly with
altitude above the MBL so very little DMS survives to en-
ter the free troposphere unless it is delivered there rapidly
by deep convection. Flux divergence was estimated from
the turbulent vertical ﬂux (via eddy covariance) measured
at various levels within the MBL. Figure 4 shows the mean
co-spectra of DMS mole fraction and vertical wind speed
grouped by approximate height above the surface and aver-
aged over all of the PASE research ﬂights. The labels cor-
respond to the location within the MBL where the measure-
mentwastakenandroughlytranslatetothetopandbottomof
the MBL. As would be expected in the MBL, the cospectral
peak is shifted to the left (lower wavenumber, larger eddies)
as we move up in the MBL from the lower boundary layer
(LBL) to the top of the boundary layer (TBL).
A 200s (22km) averaging interval was selected by exam-
ining the complete co-spectra to ﬁnd a frequency cut-off that
would capture most of the ﬂux without including mesoscale
variations. As can be seen in Fig. 4, the contribution from
wavenumbers below the cutoff (0.046km−1) is small com-
paredwithwavenumbersabovethecutoff. Thisﬁlterwidthis
similar to but a little larger than that used during DYCOMS-
II (Faloona et al., 2005). The longer ﬁlter width was chosen
to capture all of the relevant scales evident in Fig. 4. The
larger scales in PASE are possibly the result of convective
roll structures that were often evident in cloud streets travers-
ing the study area.
The vertical turbulent ﬂux is determined using eddy co-
variance, or averaging the product of vertical wind perturba-
tions and DMS mole fraction perturbations, i.e. (w0c0) over
each 22km interval of a level ﬂight leg. Since DMS and w
are measured at different places on the airplane, and each in-
strument has its own characteristic delays, it is necessary to
apply a time offset to synchronize the measurements. Since
the DMSinstrument has its ownclock, this lag willvary from
ﬂight to ﬂight and, in principle, could even drift within a
given ﬂight. The appropriate lag time was determined by
examining the phase angle between DMS and w (Fig. 5),
with the assumption that the actual DMS and w are in phase.
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Fig. 4. Averaged co-spectra of DMS with vertical wind speed. The
ﬂight legs are averaged into lower levels (LBL) ﬂown below ∼50m,
top of the boundary layer (TBL) ﬂown around 400m.
Fig. 5. Phase angle spectrum of DMS vs. w for leg 7 of RF03.
Following the blue line, the difference between the ﬁrst two zero
crossings is 0.72hz, which equates to 1.4s, or 35 samples (at the
high rate sampling of 25hz). The green line shows the phase lag
when the DMS signal is consequently shifted by 35 samples.
Since the DMS ﬂux is usually largest for the LBL legs, those
legs were used to determine the lag time for each ﬂight stack.
The average lag time for the PASE ﬂights was ∼1.4s. Fig-
ure 6 shows the lag value determined for the same leg by
maximizing the correlation coefﬁcient instead. The differ-
ence of 1 sample (40ms) makes a negligible difference in
the ﬂux.
In addition to correcting for the time lag, a correction is
made for the inability of the DMS instrument to measure
high-frequency variations. The principal source of frequency
Fig. 6. Correlation coefﬁcient between DMS and vertical wind as a
functionoftimelagforleg7(ﬂownat∼30maltitude)ofRF03. The
maximum correlation at a lag of 36 samples (1.44s) is consistent
with the lag time derived from the phase angle spectrum.
attenuation is believed to be the Naﬁon® dryer and subsam-
ple tubing leading to the ion source. An empirical study
of APIMS frequency response using an identical dryer and
similar ﬂow rates was performed by Blomquist et al. (2009).
The empirical response function from this study is used here
to correct for high frequency losses in the aircraft inlet and
dryer. We divide the cospectrum by the square root of the
response function to obtain the estimated true covariance. In
most cases the correction is less than 5%. The empirical re-
sponse function used was (Blomquist et al., 2009):
82(f)=exp(−0.557f 0.917). (8)
The actual ﬂux values (in frequency space) were divided by
the square root of the above correction function to deter-
mine the corrected cospectra, which was then plotted versus
wavenumber.
The ﬁnal correction made to the ﬂux involves correcting
for temporal changes in the ﬂux throughout the day. Because
of a gradual decrease in the surface ﬂuxes observed through-
out each day, and because the difference between the BuL
and MBL concentration changes as well, the ﬂuxes through-
out the MBL decreased systematically during the course of
eachﬂight. Everystack(consistingofthreelegs: MBL,TBL,
LBL) spanned nearly two hours and thus depending on the
sequencing of the legs this temporal trend could lead to a
signiﬁcant error in the measured divergence. The ﬂuxes were
corrected by ﬁtting a line to the ﬂux versus time at each level
and then correcting the ﬂuxes measured for each stack to the
center time of the stack. In practice this correction resulted in
a small change to the divergence term in the budget (∼10%).
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Table 2. DMS budget terms for the ﬂights for which they could be measured. Columns are deﬁned from left to right as follows: observed
rate of change, vertical ﬂux divergence, horizontal advection, photochemical loss required to balance budget (L in Eq. 2), and loss to reaction
with OH, all in units of ppthr−1. The remaining columns are entrainment velocity (cms−1), mean MBL DMS concentration (ppt), surface
ﬂux and ﬂux into the overlying buffer layer (µmolm−2 d−1). Numbers in parentheses are error estimates. OH was not measured on RF06
but was estimated by interpolating the measured values as a function of time from the other ﬂights.
RF Obs Div Adv Chem OH Ve [DMS] Surf BuL
Flux Flux
2 5.2(0.2) 0.9(0.4) 0.5(0.1) −6.5(0.4) −7.0 1.3 49.7 1.8 1.6
3 −6.0(0.4) 1.9(0.2) −0.8(0.1) −7.1(0.4) −7.0 1.0 66.9 2.3 1.4
5 −4.7(0.7) 4.1(0.3) 2.0(0.1) −10.9(0.7) −10.8 1.4 69.0 3.7 2.0
8 −5.6(0.3) 0.8(0.3) −0.5(0.1) −5.8(0.4) −5.5 1.7 56.3 2.8 2.4
11 −5.9(0.4) 1.3(1.4) 2.3(0.1) −9.5(1.4) −6.4 74.5 2.9 2.6
12 −5.9(0.4) 1.5(0.3) −1.1(0.1) −6.3(0.5) −7.0 3.5 52.5 2.6 1.8
14 −7.7(0.4) −0.8(0.4) −1.2(0.1) −5.7(0.5) −10.7 1.0 94.1 1.8 2.3
Avg −5.8 1.4 0.2 −7.4 −7.8 1.7 66.2 2.6 2.0
6 −0.8(0.1) −0.2(0.6) 1.8(0.1) −2.4(0.7) −2.2 1.6 87.3 2.6 2.8
13 −1.6(0.2) 3.2(0.6) −2.5(0.1) −2.2(0.7) −3.4 2.4 112.9 5.8 4.2
Avg −1.2 1.5 −0.4 −2.3 −2.8 2.0 100.1 4.2 3.5
4 Results and discussion
The observed mean DMS mole fraction in the MBL exhib-
ited the well-known diurnal cycle, ranging from ∼65pptv in
the daytime (roughly 08:00 a.m. to 04:00 p.m. local time) to
100pptv at night (roughly 03:00 a.m. to sunrise). Table 2
shows the DMS budget during the PASE research ﬂights.
Figure 7 shows the vertical turbulent ﬂux of DMS as a func-
tion of height and time. The black line depicts the slope of
the ﬂux divergence, which for this ﬂight equates to an MBL
DMS source of 1.9ppthr−1. Some of the ﬂights were not
well-suited for a budget analysis and were excluded from the
table. Amongthose, RF04wasacloudpenetrationﬂightover
a much larger region than the other ﬂights. RF07 focused
on the surface layer but lacked sufﬁcient ﬂux measurements
through the rest of the MBL to allow a reasonable estimate of
divergence. Problems with the airplane’s inertial navigation
system during RF09 and RF10 rendered the wind measure-
ments unreliable, and problems with the DMS instrumenta-
tion excluded RF01. Each of the signiﬁcant budget terms for
the remaining MBL ﬂights are listed in Table 2.
The columns in Table 2 relate to the terms in Eq. 2 and
contain all the signiﬁcant factors that lead to a change of
DMS mixing ratio in the MBL. From Table 2, the average
photochemical loss rate during the day ﬂights is 7.4ppthr−1.
Assuming the photochemical loss term is a ﬁrst-order chemi-
calreactionratecoefﬁcientmultipliedbytheDMSmolefrac-
tion, the average loss rate for the daytime ﬂights in Table 2 is
2.6×10−5 s−1. This is considerably less than the maximum
value of the unknown ﬁrst-order loss rate estimated on the
coast of Hawaii of 6.5×10−5 s−1 (De Bruyn et al., 2006).
Fig. 7. DMS ﬂux proﬁle for RF03. The colors (red, blue & green)
correspond to the three stacks of MBL legs ﬂown in the morning,
afternoon and late afternoon.
Weassumethatthedominantchemicallossmechanismfor
DMS in the remote marine boundary layer is reaction with
hydroxyl (OH). Because OH was in fact measured during
most of the PASE ﬂights, we can gain some conﬁdence in
the budget technique by comparing the expected loss to OH
with the calculated photochemical term in the budget. Dur-
ing the daytime ﬂights, the photochemical loss rate, inferred
as the budget residual, averages 7.4ppthr−1. Using the OH
data from PASE, with a daytime mean of 5×106 radicals/cm3
and a maximum that varied between 6×106 radicals/cm3
to as much as 9×106 radicals/cm3, and the DMS + OH
rate constants from Sander et al. (2006), we estimate an
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Fig. 8. RF13 DMS concentration (left) and ﬂux proﬁle (right). Between stacks 1 and 2, the concentration increased by 9ppt over 2.6hrs,
or 3.5ppthr−1. The right plot shows the ﬂux proﬁle observed on the two predawn stacks (blue stars – between 03:00–05:00, red squares –
between 05:30–07:30) which indicates an average ﬂux convergence of 3.4ppthr−1.
average daytime loss of DMS to OH of 7.8ppthr−1. During
PEM-Tropics A, measurements of OH around Christmas Is-
land showed a daily maximum of about 8×106 radicals/cm3
(Chen et al., 2001), which is equivalent to the same daytime
mean from PASE.
The atypical ﬂight of the mission (RF14) proves to be
the most difﬁcult to understand. The ﬂux of DMS into the
buffer layer is signiﬁcantly larger than the surface ﬂux (1.8
vs. 2.3pptms−1) and the calculated photochemical loss term
isabouthalfthepredictedlosstoOH.Thisﬂightwasatypical
for other reasons as well; the height of the MBL varied tem-
porally during the ﬂight from ∼700m to ∼1200m, the latter
more than double the ﬂight average MBL height. Addition-
ally, the DMS mole fraction for RF14 (94 ppt) was ∼42%
higher than the daytime average (66ppt), suggesting that the
air mass had recently traveled over very DMS-rich waters –
whichcouldcertainlyexplaintheenhancedﬂuxintotheBuL.
Clearly, the MBL was far from steady state.
An interesting observation from PASE that could prove
useful to model parameterizations is the ratio of surface ﬂux
to BuL ﬂux. On average, nearly 77% of the DMS that en-
ters the MBL from the sea surface during the day is passed
through to the overlying buffer layer. This ratio is substan-
tially higher than the 36% predicted in a modeling study by
Lucas and Prinn (2002). In other words, the process of shal-
low convective pumping of DMS into the BuL and compen-
sating entrainment of low DMS air into the MBL passes most
ofthesurfaceemissionsintotheoverlyingBuL.Itisprobable
that our surface/BuL ﬂux ratio results are biased by the lack
of data between sunset and ∼03:00 a.m., when the MBL con-
centration would be building up from its minimum value and
BuL ﬂuxes would likely have been reduced (see Sect. 4.2).
The net entrainment velocities for the PASE ﬂights are com-
piled in Table 2 with an average value of 1.7cm/s during the
day ﬂights, and 2.0cm/s for the night ﬂights. During ACE1,
the DMS-derived entrainment velocity varied from −4cm/s
to +4cm/s (Russell et al., 1998). We should emphasize, how-
ever, that the entrainment velocities reported herein are de-
pendent on the exact altitude of any particular BuL leg be-
cause of the large gradients in DMS that exist throughout the
lower BuL (Fig. 1). Comparisons to other values reported
in the literature therefore need to be done with considerable
circumspection.
Nighttime ﬂight operations were constrained by the ab-
sence of runway lights on Christmas Island. Therefore,
ﬂights were required to start late enough at night to ensure
landing in full daylight. Consequently, the ﬁrst MBL legs
of the nocturnal ﬂights occurred after 03:00 a.m. As dis-
cussed in Sect. 3, the nighttime maximum occurred some-
where around 04:30 a.m., meaning that the night buildup of
DMS was nearly complete by the time the aircraft arrived
on station. At the time of the ﬁrst leg on RF06, for in-
stance, the concentration had already stabilized preventing
an examination of the expected nighttime buildup. On RF13
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Fig. 9. Averaged Co-Spectra between DMS, potential temperature
(2), speciﬁc humidity (q), and vertical wind speed (w) for the low
level (z<50m) legs for all of the PASE ﬂights.
the morning maximum did not occur until nearly 06:30 a.m.
(Fig. 8), half way through the second stack. Excluding the
third stack, which took place in the early daylight, the ob-
served rate of change was ∼3.5ppthr−1. During that dark
period, the vertical ﬂux divergence averaged ∼3.4ppthr−1.
Assuming this ﬂux divergence held throughout the 12h of
darkness, it would constitute an MBL source of ∼40ppt/day.
On average, the MBL DMS mole fraction was observed to
decrease by ∼35 (±5)ppt during the daytime ﬂights. Thus
we conclude that the ﬂux divergence does indeed compen-
sate for the photochemical destruction in the long term, but
more of it occurs diametrically out of phase with destruction,
i.e. the buildup occurs during the hours of darkness while the
destruction happens during the day.
4.1 Cospectral similarity
In the surface layer, passive scalars are often assumed to ex-
hibit a cospectral shape with w0 that is similar to that of po-
tential temperature (2) (Kaimal et al., 1972). Figure 9 shows
the averaged, normalized cospectra for w with DMS, water
vapor, and 2 for all of the ﬂight legs below 50m altitude
during PASE. The universal Kaimal curve for neutral sta-
bility is shown in black and does indeed appear quite sim-
ilar to 2, but the peak and much of the covariance occur
at higher wavenumber than the cospectra for the other two
scalars. Previous investigators using large eddy simulation
(LES) also found signiﬁcant differences in the cospectral
shape of w with 2 and with passive scalars (Jonker et al.,
1999). In their simulations it was observed that a principal
driving factor in the cospectral distribution among low and
high frequencies was the ratio of surface ﬂux to entrainment
ﬂux. When the surface/entrainment ﬂux ratio is around −0.5,
Fig. 10. Difference in DMS concentration between MBL and BuL
for all PASE ﬂights by time of day. R2=0.42. On average, mean
concentration difference decreased at a rate of =2.8ppthr−1.
the cospectral density is centered towards higher frequencies
(similar to 2 and the universal Kaimal curve). However,
when the surface/entrainment ﬂux ratio approaches one, as
is the case for water vapor and DMS over the ocean, the
transport evolves to larger scales. This topic and detailed
characterization of the MBL turbulence will be covered in a
subsequent manuscript.
4.2 Flux proﬁle evolution
In principle, the evolution of the mean vertical ﬂux diver-
gence in the MBL can be predicted through an examination
of the difference between the DMS mixing ratio in the MBL
and the BuL. Figure 10 shows the difference as a function
of local time for all of the PASE ﬂights. During the day-
light hours, any pseudo-ﬁrst-order photochemical loss is act-
ing to reduce the DMS concentration in both the MBL and
the BuL, and assuming similar OH concentrations in the two
layers (Davis et al., 2001; Tan et al., 2001); , each layer will
experience the same loss, proportional to the DMS levels,
thereby reducing the absolute difference between the layers.
Because the entrainment ﬂux is proportional to the absolute
concentration difference (assuming that the physical entrain-
ment rate changes gradually over synoptic time scales and
not diurnally) the net ﬂux into the BuL will also decrease
throughout the day.
The gas transfer velocity for DMS was determined as de-
scribed by Blomquist et al. (2006), and then the bulk DMS
seawater concentration was estimated for each stack by di-
viding the surface ﬂux by the gas transfer velocity. These
concentrations were then plotted as a function of time of
day (Fig. 11). It appears that the concentration of DMS at
the ocean surface does exhibit a diurnal trend during PASE,
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Fig. 11. Surface water DMS concentration estimated from the ob-
served bulk parameterization of Blomquist et al. (2006) for all of
the PASE ﬂights as a function of time of day. R2 for this plot is
0.22 and the slope is −0.03nMhr−1.
declining throughout the day. Although this is not commonly
observed (Bailey et al., 2008), we propose that this might be
due to solar warming of the ocean surface during the day
increasing static stability of the ocean mixed layer, as well
as direct photolysis and emission depleting dissolved DMS
through the day. Advancing these ideas beyond conjecture,
however, would require a careful budget from ship-based
measurements to investigate the diurnal pattern in detail.
In any event, both the surface and entrainment ﬂuxes ap-
pear to decrease throughout the daytime on average lead-
ing to no systematic diurnal pattern in the vertical ﬂux di-
vergence. Because the experimental conditions did not al-
low for measurements in the late evening, it is not known
what happens to the ﬂux divergence term from sunset until
∼03:00 a.m., but in a diel steady-state sense this term must
compensate for daytime photochemical loss in the long run.
4.3 Error analysis
When the multiple regression ﬁt returns the solution for
Eq. (3), each coefﬁcient is returned along with the expected
standard deviation of that coefﬁcient. The net error in the
budget table is calculated by adding together all of the errors
in Eq. (3) in quadrature. That is, if the matrix X represents all
of the predictor values in the time series i.e., x, y, z, t, then the
standarderroroftheith coefﬁcientβi isequalto
√
Mii, where
M =σ2
Err(X0X)−1 and σErr represents the standard deviation
of the residuals in the ﬁt. This technique was used to calcu-
late the error in the advection and observed rate of change.
The error in the ﬂux divergence term was slightly different
because the least squares minimization was performed on the
200s ﬂux averages, weighted by their standard deviations.
With the exception of RF11 which lacked sufﬁcient ﬂux
measurements high in the MBL, the ﬂight budgets all have
a net error of ∼0.65ppthr−1. Dividing this into the average
MBL DMS mole fraction of ∼72ppt yields a time constant
of ∼111h. Therefore, in theory, any physical process that
modiﬁes a concentration with a lifetime of ∼4.5days or less
can be detected by the scalar budget method developed in
PASE.
4.4 Comparison to existing parameterizations
The direct measurements of DMS ﬂuxes made during PASE
provide an opportunity to compare the data to predictions
of certain parameterizations used in biogeochemical models.
For instance, Simo and Dachs (2002) suggest a DMS ﬂux
can be estimated from surface chlorophyll concentrations ob-
tained by satellite. The authors propose two regimes based
on the ratio of Chlorophyll a (Chl) to the oceanic mixed layer
depth (MLD). Mixed layer depth was determined each ﬂight
day by examining the temperature proﬁle from the nearest
TAO buoy (2◦ N, 155◦ W), which was within 50km of the
mean position of all the ﬂights. The mixed layer depth in-
creased slightly during the four week mission from ∼80m
on August 10 to 100m on 2 September. From Fig. 3, the
maximum Chl was ∼0.4mg/m3, equivalent to a maximum
value for Chl/MLD of ∼0.005mg/m4, well below the regime
where Chl needs to be considered in predicting the surface
DMS concentration.
In this low Chl environment, the surface water DMS
concentration predicted by Simo and Dachs (2002) is:
[DMS]aq=ln(MLD)+5.7 which ranges from 1.1nM to
1.3nM.
We then estimate the ﬂux of DMS from the sea surface
using:
F =[DMS]aq ·kw (9)
Here, kw is the gas transfer velocity for DMS, estimated
to be 12cmhr−1 from Fig. 1 of Blomquist et al. (2006) for
the typical PASE conditions where the 10m horizontal wind
speed is ∼8ms−1. Given these values, the estimated ﬂux of
DMS would be between 3.1 and 3.7µmolm−2 d−1, which is
in pretty good agreement with the averaged measured surface
ﬂux during PASE of 3.0µmolm−2 d−1.
The average surface ﬂux of ∼3.0µmolm2 day−1 observed
during PASE is similar to those measured by shipborne eddy
covariance in November of 2003 in the eastern equatorial Pa-
ciﬁc ∼3±2µmol/m2-day (Huebert et al., 2004), and those
inferred from mole fraction measurements made on the coast
of Hawaii ∼3µmol/m2-day (De Bruyn et al., 2006).
5 Conclusions
DMS mole fraction and ﬂux were measured from an aircraft
in the remote MBL near Christmas Island (2◦ N, 157◦ W)
Atmos. Chem. Phys., 9, 8745–8756, 2009 www.atmos-chem-phys.net/9/8745/2009/S. A. Conley et al.: Closing the dimethyl sulﬁde budget in the Tropical marine boundary layer 8755
during the summer of 2007. The expected diurnal pattern of
early morning maximum, followed by decay throughout the
day to a late afternoon minimum was observed. The mean
daytime DMS mole fraction was ∼66ppt, while the mean
nighttime concentration was ∼100ppt. The dynamical terms
in the daytime DMS budget (vertical ﬂux divergence and
horizontal advection) were found to contribute 1.4ppthr−1
and 0.2ppthr−1 , respectively. The average daytime loss rate
was ∼5.8ppthr−1 leaving an average photochemical loss of
∼7.4ppthr−1. The low altitude (<50m) cospectral behav-
ior of DMS vs. w0 was very similar to that of water vs. w0
but considerably different from potential temperature vs. w0,
which followed the Kaimal (1972) model of cospectra in the
surface layer. Using the surface ﬂuxes to estimate the DMS
concentration in the surface water, we found evidence of a di-
urnal cycle in DMS seawater concentration. Further research
is required to conﬁrm and understand this cycle as well as the
cospectral behavior of DMS vs. w0.
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